Introduction: There are no published randomized data on secondary prevention in humans about whether aspirin affects nitric oxide (NO) formation. In patients with chronic stable coronary disease, we tested whether aspirin at clinically relevant doses increases NO formation. Materials and Methods: In a randomized, double-blind trial, 37 patients from 2 cardiology office practices were assigned to daily doses of 81, 162.5, 325, 650, or 1300 aspirin for 12 weeks. Primary prespecified outcome measures were changes in heme oxygenase (HO-1), a downstream target of NO formation, and asymmetrical dimethyl arginine (ADMA), a competitive inhibitor of NO synthase. Results: There were no significant differences for HO-1 or ADMA between any of the clinically relevant doses of aspirin tested, so all were combined. For HO-1, there was a significant increase (10.29 + 2.44, P < .001) from baseline (15.37 + 1.85) to week 12 (25.66 + 1.57). The mean ratio (MR) of week 12 to baseline for HO-1 was significantly higher than 1.0 (1.67, confidence interval [CI] from 1.60 to 1.74, P < .001). For ADMA, there was a significant decrease (À0.24 + 0.11, P < .001) from baseline (0.78 + 0.08) to week 12 (0.54 + 0.07). The MR of week 12 to baseline for ADMA was significantly lower than 1.0 (0.69, CI from 0.66 to 0.73, P < .001). Conclusions: In patients with chronic stable coronary disease, all clinically relevant daily doses of aspirin tested, from 81 to 1300 mg, produce similar and statistically significant increases in HO-1 and decreases in ADMA. These are the first randomized data on secondary prevention patients. These data support the hypothesis that aspirin has additional beneficial effects mediated through NO formation. Further research, including direct randomized comparisons on atherosclerosis using noninvasive techniques as well as on occlusive vascular disease events, is necessary.
Introduction
Although the antiplatelet effects are sufficient to explain the observed reductions by aspirin in risks of occlusive cardiovascular disease (CVD) events, 1,2 nitric oxide (NO) may play a prominent role in the inhibition of atherosclerosis, 3 and aspirin may affect NO. 4, 5 Specifically, NO has a number of intracellular effects that lead to vasorelaxation, endothelial regeneration, inhibition of leukocyte chemotaxis, and platelet adhesion. Endothelium damage induced by atherosclerosis leads to the reduction in bioactivity of endothelial NO synthase (eNOS), with subsequent impaired release of NO together with a local enhanced degradation of NO by increased generation of reactive oxygen species with subsequent cascade of oxidation-sensitive mechanisms in the arterial wall. Further, many commonly used vasculoprotective agents have their therapeutic actions through the production of NO. [3] [4] [5] Heme oxygenase (HO-1) is a cytoprotective downstream target and is considered a surrogate for biologically active NO. 6 Asymmetric dimethyl arginine (ADMA) is a competitive inhibitor of NOS. 7 Aspirin is capable of activating the NO-cyclic guanosine monophosphase (cGMP) signaling pathway in endothelial cells. Increases in NO and cGMP have been demonstrated to improve the integrity of the endothelium. 8 This novel pathway may have functional relevance and, if so, might significantly contribute to aspirin-induced prevention of endothelial injury in occlusive CVD. In the light of these observations, activation of endothelial NO formation could be an important mechanism by which aspirin, in addition to its antiplatelet effects, reduces the risks of occlusive vascular diseases. We have previously provided the first randomized evidence in high-risk primary prevention patients with metabolic syndrome that aspirin, at 5 clinically relevant doses tested from 81 mg to 1300 mg daily, increases nitric oxide (NO) formation. 4 We conducted the first randomized trial in secondary prevention patients designed a priori to test whether these 5 clinically relevant doses of aspirin increase NO as measured by increases of HO-1 or deceases in ADMA.
Materials and Methods
In a randomized, double-blind trial, 37 secondary prevention patients (25 men; aged 46 to 80 years inclusive) with chronic stable coronary disease taking daily 81 mg enteric-coated aspirin (ECA) were randomized to daily doses of 81 mg, 162.5 mg, 325 mg, 650 mg, or 1300 mg of plain aspirin for 12 weeks. In these patients who had been treated for at least 1 year previously with 81 mg ECA prescribed by their cardiologists, we had not prespecified that randomization to plain aspirin, at all these daily doses, would produce similar significant reductions in thromboxane B 2 and prostaglandin E2 at 12 weeks. These post hoc data from a randomized trial contribute to the formulation of the hypothesis that patients who take low-dose ECA may not attain the clinical benefits of aspirin on occlusive CVD events. 9 We defined chronic stable coronary disease as patients without a prior event for over 1 year and who had 1 of the following 5 criteria: angiographic evidence of 70% or greater stenosis; previous percutaneous coronary intervention (PCI); coronary artery bypass graft (CABG); history of a myocardial infarction; or positive exercise test.
In addition, women of child-bearing potential had to be using a medically acceptable method of contraception (oral contraception, depo-provera injection, intrauterine device, condom with spermicide, diaphragm, cervical cap, progestin implant, abstinence, tubal ligation, oopherectomy, total abdominal hysterectomy) throughout the entire trial period.
We excluded the following patients: At baseline and 12 weeks, antecubital venous blood samples were obtained for HO-1 and ADMA. The HO-1 assays were performed using enzyme-linked immunosorbent assay (ELISA; Millipore Corporation, Billerica, Massachusetts; R & D Systems, Minneapolis, Minnesota; Sigma-Aldrich Corp, St Louis, Missouri). Each sample was measured in triplicate, and the overall intra-assay coefficient of variation was 2.1% + 0.3%, with a plasma recovery rate between 85% and 99%.The ADMA assays were performed by ELISA (ALPCO Diagnostics, Salem, New Hampshire). Each sample was measured in triplicate, and the overall intra-assay coefficient of variation was 7.2% + 1.2%, with a plasma recovery rate between 85% and 99%. Analysis of variance was used to test for the significance of differences between doses at baseline and at week 12 as well as for the paired differences between the 2 time points for HO-1 and ADMA. Due to missing data, 35 participants had both baseline and week 12 measures for both HO-1 and ADMA. Since there were no significant differences in dose, we pooled all dose levels and used a paired Student t test to determine whether there were significant differences between baseline and 12 weeks for HO-1 and ADMA. We also used paired Student t tests to determine whether there were significant modifications in the effects of aspirin by age (above or below the median), gender (men or women), and race (Caucasian, African American, or other). For HO-1 and ADMA, we calculated the ratios of the means, or mean ratios (MR), from week 12 to baseline. For each MR, we calculated 95% confidence intervals (CI) by computer simulation derived from the estimated distributions of each outcome. All significance tests were conducted using a 2-sided a level of .05.
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Results
Despite the relatively small sample size, randomization achieved a fairly balanced distribution of baseline characteristics by treatment group. Among the notable baseline characteristics were mean age of 64.0 (with a median of 63.7) years and mean body mass index (BMI) of 30.6. The vast majority of these patients with chronic stable coronary disease were being treated according to various guidelines with statins (86%), ACE inhibitors (54%), and b adrenergic blockers (76%; Table 1 ). There were no significant differences between any of the 5 doses of aspirin tested for HO-1 and ADMA (Table 2 ). For HO-1, there was a significant increase (10.29 + 2.44, P < .001) from baseline (15.37 + 1.85) to week 12 (25.66 + 1.57). Specifically, the MR of week 12 to baseline for HO-1 was significantly higher than 1.0 (1.67, CI from 1.60 to 1.74, P < .001; Table 3 ). There were no significant modifications in the effects of aspirin on HO-1 by age (P ¼ .267) or gender (P ¼ .416). For ADMA, there was a significant decrease (À0.24 + 0.11, P < .001) from baseline (0.78 + 0.08) to week 12 (0.54 + 0.07). Specifically, the MR of week 12 to baseline for ADMA was significantly lower than 1.0 (0.69, CI from 0.66 to 0.73, P < .001; Table 3 ). There were no significant modifications in the effects of aspirin on ADMA by age (P ¼ .287) but a possible, nonsignificant, greater decrease in ADMA over time for men (À0.27 + 0.11) than in women (À0.18 + 0.11; P ¼ .062).
Discussion
These are the first randomized data on secondary prevention in humans that aspirin increases NO formation. In addition, these effects are apparent across a wide range of usual doses of aspirin from 81 to 1300 mg daily used in clinical practice, including cardiovascular disease as well as pain relief. Since all randomized patients had chronic stable coronary disease, there was no placebo group; so it is possible, at least in theory, that these effects are simply a spontaneous change over time. The magnitude of the effects, however, makes this possibility extremely unlikely. The trial was designed a priori to test whether aspirin increases NO formation and, if so, whether there was effect modification by dose. In this randomized trial of patients with chronic stable coronary disease, aspirin, at all 5 clinically relevant doses tested, increases NO formation.
Although there is no apparent dose effect, the sample sizes were small. Nonetheless, with respect to the primary prespecified hypothesis, aspirin produces significant increase in HO-1, a downstream target of NO formation, as well as a significant decrease in ADMA, a competitive inhibitor of NOS. The only previously published randomized data in humans were among high-risk primary prevention patients. Although the results for the primary prevention patients and secondary prevention patients were virtually identical and statistically significant, a meta-analysis revealed some importantly relevant additional findings. Specifically, at baseline the primary prevention patients (29.37 + 2.13) had significantly higher mean levels of HO-1 than that of the secondary prevention patients (15.37 + 1.85; P < .001). At week 12, the mean HO-1 was also significantly higher in primary prevention patients (57.45 + 5.6) than in the secondary prevention patients (25.66 + 1.57; P < .001). For HO-1, there was neither a dose effect (P ¼ .359) nor a dose by trial interaction effect (P ¼ .329). At baseline, primary prevention patients (1.70 + 0.22) also had significantly higher levels of ADMA than that of the secondary prevention patients (0.78 + 0.08; P < .001). At week 12, the mean ADMA level was significantly higher in primary prevention patients (0.81 + 0.10) than in the secondary prevention patients (0.54 + 0.07; P < .001). For ADMA, there was neither a dose effect (P ¼ .530) nor a dose by trial interaction effect (P ¼ .820). In the primary prevention patients, the utilization rates of statins, other lipid-lowering agents, ACE inhibitors, diuretics, b-blockers, and calcium channel blockers were all relatively low. We, therefore, had speculated whether similar beneficial effects of aspirin on HO-1 and ADMA would be present in patients with higher utilization rates of these drugs. The present data indicate that aspirin increases NO formation in secondary prevention patients with high rates of utilization of these drugs.
Conclusions
These data on secondary prevention provide the first randomized evidence in humans that contribute importantly relevant and complementary information to the hypothesis that aspirin has additional beneficial effects mediated through NO formation. Such effects, if proven to be clinically relevant, would be adjuncts to the well-documented and well-accepted antiplatelet properties of aspirin 1, 2 that are sufficient to explain the reductions in risks of occlusive CVD events. Although there is controversy about the role of coronary plaque burden and its location in particular segments of the coronary arteries as predictors of clinical CVD events, there is general consensus that plaque burden represents a good index of atherosclerosis and its progression. In numerous investigations, cardiac computerized tomographic angiography is safe and detects significant changes in plaque progression over 2 years. 10 The availability of such randomized data in humans might justify a large-scale randomized trial to provide the first direct test of this hypothesis on clinical CVD events. Thus, further research, including direct randomized comparisons on atherosclerosis and other clinical events due to occlusion, which may be performed using various noninvasive techniques, is warranted to test whether this hypothesis has clinical or public health relevance.
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